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Abstract.   Lianas are an important component of tropical forests, where they reduce tree 
growth, fecundity, and survival. Competition for light from lianas may be intense; however, the 
amount of light that lianas intercept is poorly understood. We used a large- scale liana- removal 
experiment to quantify light interception by lianas in a Panamanian secondary forest. We 
measured the change in plant area index (PAI) and forest structure before and after cutting 
lianas (for 4 yr) in eight 80 m × 80 m plots and eight control plots (16 plots total). We used 
ground- based LiDAR to measure the 3- dimensional canopy structure before cutting lianas, 
and then annually for 2 yr afterwards. Six weeks after cutting lianas, mean plot PAI was 20% 
higher in control vs. liana removal plots. One yr after cutting lianas, mean plot PAI was ~17% 
higher in control plots. The differences between treatments diminished significantly 2 yr after 
liana cutting and, after 4 yr, trees had fully compensated for liana removal. Ground- based 
LiDAR revealed that lianas attenuated light in the upper- and middle- forest canopy layers, and 
not only in the upper canopy as was previously suspected. Thus, lianas compete with trees by 
intercepting light in the upper- and mid- canopy of this forest.
Key words:   canopy structure; competition; ground-based LiDAR; LAI-2000; leaf area index (LAI); 
lianas; light attenuation; Panama; plant area index (PAI); secondary tropical forest; trees; wood area index 
(WAI).
intRoduction
Light is one of the most limiting resources in lowland 
tropical forests (Graham et al. 2003, Kitajima et al. 2005). 
The amount of photosynthetic active radiation that 
reaches the top of a mature tropical forest canopy can 
be high (>1,000 mol m−2 s−1); however, this intense light 
is extinguished rapidly as it is transmitted from the 
canopy to the understory, where only ~1% of the incident 
light reaches the lower portion of the forest (Chazdon 
and Fetcher 1984). To maximize light interception, plants 
deploy leaves at the top of the forest canopy and stratify 
additional layers of leaves below the canopy (Kitajima 
et al. 2005). Researchers have estimated forest light inter-
ception by determining tree leaf contribution to the forest 
canopy and from optical measurements of leaf area index 
(LAI; total amount of leaf area per unit ground area m2), 
canopy cover, leaf litter production, and by manually 
harvesting leaves (e.g., Asner et al. 2003, Kalacska et al. 
2005, Clark et al. 2008). Plant stems and branches may 
also decrease light availability, but they are often over-
looked in studies of light interception (Kalacska et al. 
2005, Sánchez- Azofeifa et al. 2009). As the contribution 
of woody material from stems (wood area index, WAI) 
increases, light availability and canopy openness 
decreases (Sánchez- Azofeifa et al. 2009). The combi-
nation of LAI and WAI is plant area index (PAI), which 
is a measure of the total light interception by plants 
(Sánchez- Azofeifa et al. 2009).
Most of the light in tropical forests is intercepted by 
trees, which constitute the majority of the biomass, leaf 
area, and basal area in tropical forests. For example, in a 
tropical wet forest in Costa Rica, Clark et al. (2008) 
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directly quantified leaf area by harvesting leaves from the 
forest floor to the top of the canopy in 54 vertical tran-
sects and found that trees contributed more than 50% to 
forest leaf area. In a seasonal tropical forest in Panama, 
(Avalos and Mulkey 1999) used a canopy crane to access 
to the top portion of the canopy and reported that tree 
leaf canopy cover was as high as 78.4% during the dry 
season. Also in Panama, Wright et al. (2004) estimated 
that trees contributed 83% to 89% to the woody plant leaf 
litter productivity.
Lianas (woody vines) may also contribute substan-
tially to light attenuation in lowland tropical forests, 
despite their relatively small fraction of forest biomass 
and basal area (Schnitzer et al. 2012, 2014, 2015, Van der 
Heijden et al. 2015). Lianas commonly comprise 25% of 
the woody stems and can contribute significantly to forest 
productivity (Schnitzer and Bongers 2002, Van der 
Heijden et al. 2013). For example, in a wet forest in Costa 
Rica, lianas contributed 12.1% to the total leaf area 
(Clark et al. 2008), even though liana density was rela-
tively low in this forest (Mascaro et al. 2004, Yorke et al. 
2013). Lianas may be particularly important to forest 
productivity in seasonal forests, where lianas are most 
abundant (e.g., Schnitzer 2005). In a seasonal tropical 
forest in Panama, Avalos and Mulkey (1999) reported 
that lianas contributed up to 40% of the leaf canopy 
cover. On Barro Colorado Island, Panama, lianas con-
tributed 11% to 17% to the forest- level leaf productivity 
(Wright et al. 2004), and 25% to the woody stem density 
(stems ≥1 cm diameter; Schnitzer et al. 2012, 2015). 
Lianas also contribute to forest wood area index (WAI); 
Sánchez- Azofeifa et al. (2009) reported that lianas con-
tributed considerably to the wood area index in tropical 
dry forests in Mexico, Costa Rica, and Brazil.
The contribution of lianas to tropical forest plant area 
index may be an indication of their competitive effects on 
trees. Lianas compete intensely with trees, reducing tree 
recruitment, growth, reproduction, and survival, as well as 
ecosystem- level carbon storage (Grauel and Putz 2004, 
Schnitzer and Carson 2010, Schnitzer et al. 2014, Van der 
Heijden et al. 2015, Martínez- Izquierdo et al. 2016). Lianas 
are thought to compete with trees by attenuating light 
mainly at the top of the canopy (Ingwell et al. 2010, 
Toledo- Aceves 2015). However, the contribution of lianas 
to forest- level PAI and light interception remains poorly 
understood. Furthermore, liana abundance may be 
increasing in neotropical forests (Schnitzer and Bongers 
2011, Schnitzer 2015), and thus their contribution to forest 
dynamics and light interception is likely to increase.
We quantified the contribution of lianas to forest light 
interception using a large- scale experimental liana- 
removal manipulation in the Republic of Panama. We 
tested the idea that lianas attenuate light predominantly 
near the top of the forest canopy, where they are thought 
to deploy the majority of their leaves. We also hypothe-
sized that PAI of the liana- removal plots would approach 
that of the control plots after liana cutting, but not 
entirely return to pre- cutting levels because lianas fill 
inter- crown spaces that result from crown shyness (Putz 
et al. 1984). We measured PAI before liana cutting, 6 
weeks after liana cutting, and then annually for 4 yr. We 
quantified the speed at which trees compensated from 
liana removal in terms of the recovery of forest PAI to the 
pre- manipulation state. We also measured the 
3- dimensional structure of the forest canopy using 
ground- based LiDAR before and annually for 2 yr after 
liana cutting to determine where lianas intercepted light 
along the vertical forest canopy gradient.
MatERials and MEthods
We conducted this experiment on Gigante Península, a 
protected mainland forest that is part of the Barro 
Colorado Nature Monument, in the Republic of Panamá 
(9°9′ N, 79°51′ W). The forest at this site is a 60- yr- old 
secondary seasonal tropical forest in an area that was 
used previously for fruit production and pastures (Leigh 
1999). Rainfall averages 2616 mm per year, with 90% of 
the rain falling from May until December and a distinct 
dry season from December until April (Leigh 1999, 
Schnitzer and Carson 2010, Álvarez- Cansino et al. 2015).
Liana removal treatment
In 2008, we established 16 80 m × 80 m plots in por-
tions of the forest that were similar in terms of the terrain 
and the number and size of lianas and trees (Álvarez- 
Cansino et al. 2015, Reid et al. 2015, Van der Heijden 
et al. 2015, Martínez- Izquierdo et al. 2016). We measured 
the diameter of all trees and lianas ≥1 cm diameter in the 
central 60 × 60 m area of each plot. In April 2011, we cut 
all lianas in eight randomly selected plots, with the 
remaining eight plots serving as non- manipulated con-
trols. We cut lianas near the forest floor using machetes, 
without removing lianas from the canopy to avoid tree 
damage (follows Schnitzer and Carson 2010, Schnitzer 
et al. 2014). Nearly all of the liana stems had fallen within 
1 yr of cutting lianas. Because lianas resprout copiously 
after being cut (Schnitzer et al. 2004), we recut stems 
every 3–4 months in the removal plots. We also visited the 
control plots with the same frequency as the removal 
plots to avoid a researcher visitation effect (Cahill et al. 
2001, Schnitzer et al. 2002).
Measurement of plant area index (PAI) and forest 
structural complexity
We calculated mean per- plot Plant Area Index (PAI) 
as the sum of LAI and WAI (Leblanc and Chen 2001, 
Kalacska et al. 2005). We measured LAI and WAI in all 
plots 15 d before cutting lianas (March 2011), 6 weeks 
afterwards (May 2011), and then annually for 4 yr. All 
measurements were collected during the dry season (in 
March) except for 2014, which were collected during the 
wet season (June) due to logistic constraints. In each plot, 
we used a LI- COR LAI- 2000 plant canopy analyzer 
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(LI- COR, Lincoln, NE, USA, Welles and Norman 1991) 
to measure PAI along a uniform grid of seven rows and 
seven columns (49 points) total, within the center 
60 m × 60 m of the plot. To ensure that the open- sky 
measurements did not intercept forest leaf area and that 
the within- forest measurements did not include the 
shadow of the operator, we restricted light measurements 
to the northern half of the sensor (i.e., 180° cap) and we 
positioned the sensors directly north for each meas-
urement. At every sampling period, we measured the 
plots in the same order to ensure consistent and compa-
rable measurements. The point measurements were at 0.5 
and 1 m above the soil surface (98 total measurements per 
plot). Simultaneously, we collected full- sun light meas-
urements every 30 s with a second LAI- 2000 outside of 
the forest on the edge of Lake Gatun as a full- sun com-
parison (follows Schnitzer and Carson 2010). We 
measured PAI during the early morning and early 
evening, or during the day if it was uniformly overcast, 
which are ideal measurement conditions (LI- COR 1990).
We characterized the canopy structural complexity in 
each plot using a ground- based portable canopy light 
detection and ranging (LiDAR) system (Parker et al. 
2004). The LiDAR system consisted of a near- infrared 
pulsed- laser (>3,000 pulses per second) that recorded the 
vegetative surfaces distributed at different heights of the 
forest canopy (Parker et al. 2004, Hardiman et al. 2011). 
The LiDAR system was moved through the forest 1 m 
above the ground along transects with fixed spacing at a 
constant rate, and the light return points were recorded 
continuously. In all 16 plots, we measured LiDAR 1 week 
before liana cutting and one and 2 yr afterwards (March 
2011, 2012, and 2013) along 13 60 m transects that were 
spaced 5 m apart and spanned the area of each plot. We 
processed LiDAR returns into vertical columns from 1 m 
above the ground to the top of the canopy for each 
transect (780 vertical columns per plot) in each plot using 
MATLAB (MATLAB 2012). Two yr of post- cutting 
measurements were sufficient to quantify the contri-
bution of lianas to forest structure.
Data analysis
We used LI- COR FV2000 Analysis Software to pair 
the full- sun and within- forest sensor data and to convert 
the differences between the measurements into PAI 
(LI- COR 1990). To calculate PAI values, we used the 
horizontal uniform canopy model and the first four 
zenith angles (0–60°). The results were consistent between 
the two measurement heights (50 cm and 1 m); thus, we 
calculated PAI based on the mean two different heights 
at each point.
To assess whether PAI differed between the removal 
and control plots before liana manipulation, we used a 
Mann Whitney- U test (R Core Team 2015). We analyzed 
the change in PAI in the liana- removal and control plots 
using a linear mixed effect (LME) model with repeated 
measures of the same plots over time with treatment 
(removal or control) and time as fixed effects, and plot as 
a random effect (Zuur et al. 2009, R: nlme package, 
Pinhero et al. 2015). We used the same model to examine 
whether the coefficient of variation (CV) differed between 
treatments and over time. The mean decrease in PAI fol-
lowing liana cutting compared to the control plots indi-
cated the amount of PAI contributed by lianas.
Prior to cutting lianas, more than 98% of the canopy area 
sampled by LiDAR was dense enough to saturate the signal 
below the top of the canopy (i.e., the LiDAR signal did not 
penetrate beyond the top of the canopy). We excluded the 
columns that did not saturate before the liana manipu-
lation (<2% of the columns). Within the saturated columns, 
we constructed vertical plant surface density profiles for the 
pre- cut measurement and for each of the 2 yr following 
liana cutting to visualize the change in plant surface area. 
We grouped the columns into six different categories based 
on their saturation height: 0–5, 5–10, 10–15, 15–20, 20–25, 
and 25–41 m. The decrease in the fraction of plant surface 
density after liana cutting in the liana- removal plots com-
pared to the control plots indicated the contribution of 
lianas to forest structure in each of the vertical categories.
We analyzed the change in the fraction of plant surface 
density in each of the 2 yr following liana cutting at each 
saturation- height category using a linear mixed effect 
model (LME; Zuur et al. 2009, R: nlme package, Pinheiro 
et al. 2015). The linear mixed effect model included 
treatment (removal or control) and time as fixed effects, 
and individual plots were included as a grouping variable 
in the random effects component, since columns within 
plots were measured repeatedly over time. The contri-
bution of each random and fixed effect was assessed by a 
manual stepwise AIC of the models. We used restricted 
maximum likelihood (REML) to compare nested models 
for which random variables differed, and maximum like-
lihood (ML) to compare nested models for which fixed 
effects differed. Models were considered competitive 
when ΔAIC ≤2. If ties occurred, we used a correction for 
AIC where the number of parameters and log- likelihood 
where taken in account (Arnold 2010). We used nor-
malized residuals based on the REML fit to validate the 
final model (Zuur et al. 2009).
REsults
Plant area index
Prior to cutting lianas, light interception (PAI) did not 
differ between the removal and control plots (Mann 
Whitney- U Paired t- test; W(14) = 41, P > 0.05, Fig. 1). Six 
weeks after cutting lianas, however, mean PAI was ~20% 
higher in the control plots than in the liana- removal plots 
relative to the pretreatment measurements. Specifically, 
PAI decreased 16.6% in the liana- removal plots and 
increased 3.2% in control plots (Z(18) = −4.20, P < 0.01; 
Fig. 1a). One yr after liana cutting, PAI was ~17% higher 
in the control plots; PAI decreased 21.3% in the liana- 
removal plots and 4.5% in control plots relative to the 
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pretreatment measurements (Z(18) = −5.44, P < 0.01; 
Fig. 1a). Two yr after liana cutting (in 2013), the differ-
ences between treatments were no longer significant and, 
by the fourth year (2015), mean PAI was nearly identical 
between treatments (Fig. 1a). One yr following liana 
cutting, within- plot variation (CV) in PAI was signifi-
cantly higher in the liana removal plots, but this effect 
was not evident in years 2–4 (Fig. 1b), presumably 
because trees had begun to compensate for the loss of 
liana leaves and stems.
fig. 1. (a) Mean plant area index (PAI) and (b) the coefficient of variation (CV) in PAI for eight control plots (black bars) and 
eight liana- removal plots (light bars) on Gigante Peninsula, Panama. Data were collected using a LiCOR LAI- 2000 optical system. 
Error bars represent one standard error. *P < 0.05; **P < 0.01; ***P < 0.001.
(a)
(b)
LIANAS AND TROPICAL PLANT AREA INDEXDecember 2016 3275
R
ep
orts
Forest structural complexity
In the lowest stratum of the forest (1–5 m), there was 
no difference between treatments after liana removal 
with respect to canopy structure, indicating that there 
were few liana stems and leaves intercepting light near the 
forest floor (Fig. 2a). In each of the higher forest stratum 
(above 5 m), however, the liana removal plots had signif-
icantly less light- intercepting plant structures than did 
the control plots (compared to the pretreatment measure-
ments), indicating that lianas had occupied both the 
middle and upper portions of the forest (Fig. 2b–e). 
Differences in canopy structure were still significant 2 yr 
after liana removal for the middle and upper portions of 
the canopy (Fig. 2b–e), except for the highest portion of 
the upper canopy (25–41 m; Fig. 2f).
discussion
Lianas attenuated approximately 20% of the light pen-
etration in this tropical forest. However, trees responded 
rapidly to the decrease in PAI following liana cutting, 
and 4 yr after the treatment trees had completely 
compensated for the fraction of PAI that lianas had pre-
viously contributed. Our hypothesis that the PAI would 
never return to pre- cutting conditions in the liana- 
removal plots was predicated on the idea that crown 
shyness maintains spaces among tree crowns (e.g., Putz 
et al. 1984), and that lianas can uniquely fill these inter- 
crown spaces. Contrary to our hypothesis, trees compen-
sated entirely for the loss in liana PAI within 4 yr, which 
may have been due to trees in the canopy expanding lat-
erally to take the space vacated by lianas, as well as plants 
in the understory expanding their crowns and increasing 
their leaf area.
The significant increase in the variation in PAI 1 yr 
following liana cutting may have been due to the patchy 
distribution of liana density and size (e.g., Dalling et al. 
2012, Schnitzer et al. 2012, Ledo and Schnitzer 2014). 
Large lianas may have had a particularly strong effect on 
light interception in the forest, since large lianas can 
attenuate a lot of light over a limited area, and the 
removal of a large liana may allow copious light pene-
tration into the understory, thus increasing the variation 
in PAI. The high variation in PAI, however, was present 
only 1 yr after cutting lianas, supporting the hypothesis 
fig. 2. The percent change in light attenuation plant surface fraction over 2 yr in control and removal plots after liana removal 
in sixteen 80 × 80 m plots on Gigante Peninsula, Panama. Liana removal plots are marked “R” and control plots “C”. Data were 
collected using a portable LiDAR system 1 m above the forest floor along 13 equally- spaced transects within each plot, and 
processed for each 1- m long column within each transect. The same transects were repeated each year after the liana removal 
treatment for 2 yr. The forest vertical strata (within each column) were binned in six different height categories, according to the 
vertical height above ground where the LiDAR signal saturated in 2011 in each of the columns, before the liana removal: (a) <5 m, 
(b) 5–10 m, (c) 10–15 m, (d) 15–20 m, (e) 20–25 m and (f) 25–41 m. The change of the fraction of light- attenuating plant surface 
within each height layer up to the saturation height was calculated (in percent) for each column and averaged among all columns of 
the same saturation height layer and treatment type (R or C). Box- and- whiskers plot indicates the mean and distribution of these 
values. Significance of the difference between removal and control plots is marked by asterisks: *P < 0.05; **P < 0.01; ***P < 0.001.
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that trees compensate rapidly for the loss of liana stems 
and leaves. We were surprised at the speed at which trees 
compensated entirely after liana removal in terms of light 
interception, suggesting that competition for light is a 
powerful interaction between lianas and trees (Grauel 
and Putz 2004, Schnitzer et al. 2005,  Ingwell et al. 2010, 
Schnitzer and Carson 2010, Álvarez- Cansino et al. 2015, 
Toledo- Aceves 2015).
Lianas were once thought to intercept light mainly at 
the top of the forest canopy, deploying their leaves over 
those of their host trees (e.g., Ogawa et al. 1965, Avalos 
and Mulkey 1999, Ingwell et al. 2010, Álvarez- Cansino 
et al. 2015). However, our data indicate that lianas con-
tribute to forest structure and light interception 
throughout the upper- and mid- canopy layers of the 
forest. Because we restricted our analyses to the saturated 
columns, we were not able to determine the precise con-
tribution of lianas to the very top layer of the canopy. 
Nonetheless, lianas were clearly present in the top stratum 
of the forest (25–41 m), and differences in forest structure 
in the top stratum between removal and control plots 
were present after 1 yr but absent after 2 yr, possibly 
because trees rapidly replaced lost liana leaves in the 
upper canopy, where light is most abundant. By contrast, 
the lack of replacement of lost liana structure in the mid- 
canopy after 2 yr may indicate that liana stems atten-
uated light in the mid- canopy. Liana stems loop through 
the forest and may be an important component of light 
interception (Sánchez- Azofeifa et al. 2009). Alternatively, 
trees may have been slow to add leaves to the mid- canopy 
because deploying leaves in the low- light environment of 
the mid- canopy would provide a relatively low return on 
their investment. In either case, our data indicated that 
some combination of liana leaves and stems intercept 
light in all but the lowest strata of the forest.
Our finding that lianas contributed ~20% to the plant 
area index (PAI) is comparable to other studies. For 
example, in a separate study in treefall gaps on Gigante 
Peninsula, LAI was ~16.5% higher before cutting lianas 
compared to 1 month afterwards (Schnitzer and Carson 
2010). In the nearby old- growth forest of BCI, lianas con-
tributed 17% to the forest leaf litter production (Wright 
et al. 2004). In the old- growth tropical wet forests at La 
Selva Biological Station, Costa Rica, lianas contributed 
up to 12% to the forest leaf area (Clark et al. 2008). The 
La Selva forest, however, had much lower liana abun-
dance than the seasonal forests in central Panama 
(Mascaro et al. 2004, Yorke et al. 2013). Lianas are par-
ticularly abundant in secondary forests and seasonal 
forests compared to wet forests (DeWalt et al. 2000, 
Schnitzer 2005, Barry et al. 2015), which may also account 
for the discrepancy between our finding and that of Clark 
et al. (2008). Furthermore, neither Clark et al. (2008) nor 
Wright et al. (2004) included wood area index, which may 
explain their lower estimates of light interception by 
lianas.
Our findings indicate that lianas attenuate a significant 
amount of light in this tropical forest, and that lianas 
intercepted light throughout the forest’s vertical strata, 
not only at the top of their host trees, as was suspected 
previously. Competition for light between lianas and 
trees appears to be intense; trees compensated fully to the 
loss of liana structure within 4 yr, and faster in the upper 
layers of the canopy. If liana abundance continues to 
increase in neotropical forests (Schnitzer and Bongers 
2011, Schnitzer 2015), then we would expect a further 
reduction in tree leaf area and possibly changes in canopy 
structure in the mid- and upper strata of these forests.
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